Evaluating proficiency in simulation-based combat casualty training includes the assessment of hands-on training with mannequins through instructor observation. The evaluation process is error-prone due to high student-instructor ratios as well as the subjective nature of the evaluation process. Other logistical inconsistencies, such as the short amount of time to observe individual student performance, can lessen training effectiveness as well. The simulation-based methodology described in this article addresses these challenges by way of quantitative assessment of training effectiveness in combat casualty training. The methodology discusses adaptation of Lempel-Ziv (LZ) complexity indexing to quantify psychomotor activity that is otherwise only subjectively estimated by an instructor. LZ indexing has been successfully used to assess proficiency in related studies of simulation-based training conducted by Bann et al. at the Imperial College of Science Technology and Medicine in London, and more recently by Watson at the University of North Carolina at Chapel Hill. This type of analysis has been applied to using simulation as a tool to assess not only mastery of a task, but as a method to assess whether a particular simulator and training approach actually works.
Introduction
Many organizations are faced with seeking more efficient methods to evaluate human performance in complex simulation-based training environments. This challenge is evident in training for combat casualty care, where budgetary pressures have resulted in shorter training times and/or larger student-instructor ratios. Combat casualty care requires timely and accurate administration of care to ensure successful outcomes. It is training in this timely and accurate administration of care that is the focus of this paper; the hypothesis is that survival is dependent upon the timely and accurate administration of care.
Because combat casualty care requires such timely and accurate assessment for medical intervention, evaluators can look at trainees' physical actions (e.g., hand motion) to assess proficiency. The Lempel-Ziv (LZ) complexity index is used to convert hand-motion data to a string of 1s and 0s. The string is further organized into patterns of unique string groupings that correlate to a measure of performance, with more complex patterns per unit of time indicating expertise.
An emergency cricothyrotomy is a life-saving procedure that is taught by the military using simulation technology, administered to a large number of trainees with varying levels of experience, and therefore suitable for study with respect to improving techniques for evaluating student performance. The importance of accurately evaluating the administration of this procedure warranted further research, advocating the development of the human performance measuring methodology that follows.
Background
Fitts did the seminal research demonstrating the inverse relationship between time and accuracy in many tasks. 1 The focus of this effort was to determine the applicability of Fitts' theories to combat casualty care by applying novel measurement and analysis methodologies. Further review of the literature revealed work in the medical field, but primarily related to suturing, such as the work studied at the Imperial College of Science Technology and Medicine. 2 More recently, Watson 3 associated the tradeoff between speed and accuracy with known levels of expertise in suturing; students were shown to develop a balance between speed and accuracy as they trained over time. These papers substantively supported the research reported herein, which is directed toward training combat medics and first responders to perform an emergency cricothyrotomy procedure comprising several tasks, in contrast to the earlier work cited that is task-based.
Current methods for assessing proficiency in training in the Army's Medical Simulation Training Centers generally rely on an instructor observing the trainees' performance on a mannequin. It is important that a trainee's abilities be accurately determined prior to deployment or recertification. Because issues can arise due to interinstructor variability, instructor fatigue, student load, or any number of other reasons, the use of valid and repeatable quantitative measures are needed to help mitigate these issues. 4 Moreover, this principle extends to clinical assessments of similar skills during maintenance training and/or certification examinations. This, along with high student to instructor ratios during training, justifies the exploration of aiding or improving methods currently used to evaluate students in combat casualty care skills when using simulation technology.
In 2014, researchers at the University of Central Florida's Institute for Simulation & Training and the US Army Research Laboratory (ARL) Simulation and Training Technology Center conducted a cooperative research program resulting in a hardware and software system prototype for quantitatively assessing the trauma skills of combat medical personnel performing an emergency procedure, a field cricothyrotomy. An example of a combat medi-pack for cricothyrotomy is shown in Figure 1 . This equipment is used with a simulated patient.
The objective of the research effort described herein was to address the need to augment instructor assessments with more objective, quantitative techniques, while keeping the technology as unobtrusive as possible. Goldiez and Romeu 5 describe research resulting in a methodology for augmenting subjective instructor evaluations for assessing the skill level of military medics conducting this single emergency procedure in which both speed and accuracy are factors. It should be noted that ''accuracy'' applies to both physical and procedural aspects of a training objective, and speed describes working within time constraints -rather than referring to hand-motion velocity. As such, the authors believe this methodology could be applicable to other medical procedures in which speed and accuracy are of paramount importance.
The premise for the work and results described below was that gathering hand-motion data in real time and postprocessing that data would provide insights into the level of mastery in administering a cricothyrotomy on a simulator. The work would build upon aforementioned simulation-based research conducted at the University of North Carolina, Chapel Hill, 3 but would also add three important features: unobtrusive capture of hand motion; capture of data from a procedure involving multiple tasks; and having no quantitative preexisting knowledge of student expertise.
The stated objective of Goldiez and Romeu 5 was to leverage the body of knowledge in the speed accuracy tradeoff [2] [3] [4] [5] as a tool to measure competency while conducting a cricothyrotomy procedure using a particular mannequin-based simulator, thereby extending Watson's work, which focused on the single surgical task on a lowfidelity simulator.
The previous work by Bann et al. 2 found that the relationship between time and movement (speed versus accuracy) in suturing varies according to the level of expertise, and that these variations in movement times can be used to determine the expertise level of medical professionals. The movements and timekeeping measured in the Imperial College study 2 were tracked using a computer-based, electromagnetic tracking system. Figure 2 shows a notional curve as a basis for tracking such movements.
These previous works establish that the measurement of a person's level of expertise (manifested as confidence) between two simulation-based training events can be used as a discriminator in training effectiveness. Building upon these cited works, Goldiez and Romeu 5 further hypothesized that an individual's self-reported level of expertise can be confirmed using an unobtrusive device for singleevent collection of hand-motion data for offline analysis. Moreover, the methodology could be extended from a single task (e.g., suturing) to a procedure made up of several tasks. A precept of this approach, with respect to previous studies, 2, 3 would be that the only foreknowledge of expertise would be self-reported. A second precept is that any equipment should be as unobtrusive and portable as possible, such as wristwatch-sized devices capable of recording motion with no external wiring.
Methodology
An evaluation of several commercially available motiontracking products was conducted in order to meet the research objective of providing real-time acquisition of motion data to supplement training metrics ( Figure 3 ).
Of the devices evaluated for recording the needed kinetics, most were disqualified from the experimental phase of the study due to being too intrusive, irregular, inconsistent, or otherwise inaccurate. Infrared tracking was used in pilot experiments in order to recognize specific gestures and fluid movements of scaling, translation, and rotation, but the disadvantages linked with proximity constraints and orientation/positional requirements outweighed any benefits. Data from time-of-flight motion sensing were also excluded from scoring. Despite being unobtrusive and capable of capturing real-time imaging within a reasonable range, the technology sometimes failed to distinguish between the human hands of the trainee and the simulator. For this reason, the data collected were found to be unusable.
As a result of the comparison, the Affectiva Inc. QSensor was selected as a device to capture and derive complexity of participant hand movement data during the experiment. 6, 7 The Q-Sensor is similar to other devices such as the Fitbit. However, the Q-Sensor provides access to all data and allows user control of sample rate and other parameters. The Q-Sensor is also small and worn on the wrist (one for each hand, see Figure 4 ), and is capable of providing galvanic skin response in addition to acceleration information. However, only time and acceleration data were collected for subsequent analysis. Three-axis acceleration data can be output in comma-separated values for subsequent processing.
The methodology employing the Q-Sensor records the hand-acceleration data at both wrists, which can be analyzed after the training event. The original premise was to use fast Fourier transforms to convert motion data into a power spectral density that would then be analyzed for expertise. This approach had proved useful in similar studies of motion and level of experience involving flight maneuvers in a simulator. 8 However, in searching the literature, a more appropriate method was found that was applied to motion tracking in surgical tasks. The LZ complexity algorithm 6 that Watson 3 previously used to successfully encode hand movement complexes was selected and applied to this research. Application of this algorithm to assess final mastery of simulation-based training tasks using a mannequin was hypothesized in the work reflected herein.
The LZ algorithm was originally created for text compression. It accomplishes this function by analyzing strings of character bytes and reducing the complexity of those strings by searching for both single occurrences and repeating patterns and compressing these patterns into representative codes. In the case of hand motion, patterns are based on periodic acceleration values having algorithmic derivations that fall within or beyond a specified threshold, creating a time series of representative binary symbols. The resulting datasets are processed in the same way as binary strings representing text values. This is similar to the cited work of Watson and the Imperial College; more detail is provided below. In order to evaluate hand motion within the context of speed versus accuracy, Goldiez and Romeu measured acceleration, which is the only parameter unobtrusively available from the Q-Sensor. Other sensors investigated were not suitable, for reasons noted elsewhere in this paper. Dr. Watson provided Dr. Goldiez with the software he used to implement the LZ complexity algorithm. Goldiez and Romeu 5 adapted this software to meet their expanded study needs. For example, while Watson studied differences over different training sessions using LZ scores in known experts and novices, Goldiez and Romeu used the algorithm differently because they only had one-time access to participants. As a result, Goldiez and Romeu set a threshold of greater than one standard deviation from the root mean square (RMS) of hand-motion accelerations sampled at 32 Hz to be scored as a ''1,'' otherwise the measurement would be scored a ''0.'' This threshold was arbitrarily set to eliminate slight accelerations and to test for statistical significance.
The LZ scores for this study were computed using the following set of instructions:
1. Compute RMS at each time-step for each hand by combining the accelerations along each of three axes in three-dimensional space. 2. Compute the mean and standard deviation over the entire period for each hand. 3. Compute a composite mean based on the RMS and standard deviation from both hands. Using a similar method and a custom inertial measurement tool, Watson 3 measured hand movement during a complex simulated surgical task (i.e., venous anastomosis) performed by both expert and novice surgeons. Watson processed the collected data into a symbolic time series from which the LZ complexity was calculated. Watson did not test for independent differentiation beyond these two levels.
The statistical analysis was performed based on a sample of 91 combat medic trainee participants, 77 of which yielded usable data. From all the participants, 61 had performed a cricothyrotomy at least once, while 31 had never performed the procedure. Data from 14 participants were not used due to experimenter error in data collection, equipment problems (e.g., extinguished batteries), or participant time exceeding four minutes (the time in which an actual patient would expire if the cricothyrotomy were not completed).
A demographic survey was prepared and administered to participants. The various survey factors were compared against LZ scores through a logistical regression to determine which factor(s) best correlated statistically with the participant's LZ score. The factors to be correlated with self-reported demographic criteria were: how many times the participant had performed the procedure; what they had performed it on (simulator, animal, or human); the most recent time they had done the procedure; how long they had been trained in the procedure. Participants in the study were then classified as expert, intermediate, or novice.
The following criterion was initially used to designate each participant's level of expertise:
Novice -never performed the cricothyrotomy procedure. Expert -performed more than five procedures, in simulation or deployed (at least once in the last 3-6 months). Intermediate -those not meeting the criterion for expert or novice.
The study took place at the Joint Base Lewis McChord (JBLM) in Tacoma, Washington at the Medical Simulation Training Center on two surgical simulators, the Multiple Amputation Trauma Trainer and the METI Human Patient Simulator, which were placed on standard military gurneys. Each simulator was outfitted with two tape coverings over the neck. Two-inch 3M Red Vinyl tape was used to simulate the cricothyroid membrane, followed by surgical self-adhesive tape to simulate the skin over the neck, as recommended by the experts at JBLM. These materials were the same as used in the normal JBLM training regimen.
Results
Data were collected during five sessions in 2013: June, August, twice in September, and in December. Of the participants, 29 were designated as novice, 21 as intermediate, and 27 as expert. Three ranges of data groups were created, separating trainees into what seemed to be natural groupings, which were based upon self-reported demographic data. The authors believe it would be possible to realize additional intermediate skill levels by adjusting the granularity of the movement metrics accordingly. Table 1 shows the relationship in LZ complexity indices between the levels novice, intermediate, and expert, and the resulting LZ scores. 6 The LZ scores ranged from 0 to 1, and even though the ranges overlap, the combination of demographic information (number of times the procedure had been performed) was used to influence novice to expert rating levels. The significance of comparing the LZ scoring results with selfreported expertise is illustrated in Figure 5 .
Conclusions
Interestingly, the results based upon scored performances alone yielded two outliers that contradicted the remaining results. One of the two was a participant who had never performed the procedure, yet scored one of the highest LZ complexity scores. Conversely, the other participant would be expected to have been classified as expert (based on the demographic parameters), but produced an extremely low score. The demographics information collected for this participant along with a video review of performance indicated that the participant had sufficient experience. However, the LZ score was low despite these indications. Precautions should be taken when dealing with outliers if the LZ scores alone do not reflect expertise level. Within the context of this methodology, the investigation of outliers should be regarded as a means to consider other factors that may or may not have affected the contradictory results. For example, if a self-reported novice performs better than predicted, is it because he or she regularly practices an activity requiring better-than-normal dexterity? The reverse could also be studied if an expert fails to perform as well as predicted. These types of anomalous behaviors serve as indicators for instances in which additional instructor intervention could be warranted.
The primary importance of this study is that it presents an approach to augment simulations that offer benefits to trainees, instructors, and facility managers. More specifically, the technique presented herein is intended to help instructors to do their jobs under increasing studentinstructor ratios by supplementing their observational assessments with device-measured quantitative scoring as well as identifying outliers for whom further interventions may be warranted. It is also conceivable that students could take the opportunity to practice, or might be scored outside of their normal training cycle.
The scope of this study should be extended beyond the implementation of an emergency cricothyrotomy skills assessment. The methodology can be extended to determine efficacy in generally assessing time-sensitive psychomotor skills in other processes (e.g., tourniquet application in the field). It is also possible to extend and adapt this methodology to real-world processes outside of the training environments using simulators (e.g., to assess transfer into actual surgical settings; to assist in selecting simulators for training).
Additionally, the implementation of a database to track trainer/training information, participant scoring, and selfreported demographics with associated results and anomalies should be leveraged to refine and improve study parameters as well as the categories defining skill levels (expertise) of the trainees.
Another important aspect of this work would be realtime or near-real-time feedback to the trainee and/or instructor. As noted earlier in this paper, the current implementation takes several automated but separate tasks to obtain results. It is worthwhile to link these separate processes to arrive at results in a single integrated step. Likewise, it is worthwhile to automate the process of building a database of results using anonymous inputs to arrive at a better delineation of performance for a specific procedure.
The LZ algorithm has demonstrated its utility as a tool to measure psychomotor response in general, but more specifically as a tool to test the validity of a simulator fulfilling the training requirements that involve psychomotor activity. The algorithm has demonstrated its breadth in medical training from Watson's work, in which users' levels of expertise were known prior to assessing expertise in simulation-based training in which the correct psychomotor activity is critical.
As the time of writing, discussions are ongoing regarding gathering data using this methodology in surgical settings with live patients. To ensure patient and physician anonymity, a camera would not be used. However, the QSensor supports the insertion of time markers for key events. These markers would be used to mark the time of the start and end of the surgical procedure. The markers would also be used to indicate the completion of individual tasks in the procedure. While the surgical procedure and setting would be different from what is reported herein, it will be interesting to determine the extent to which the methodology transcends setting and procedure.
The next steps in developing the technology for training and assessment of life-saving procedures that must be administered quickly and accurately, are to extend to simulation-based training of the preparation and evacuation of battlefield casualties, as well as to hand-offs between echelons of care.
Ancillary benefits in continuing the research are not only to help instructors determine when a trainee has mastered a task or process, or to assess live field performance, but to further the work in the following ways:
to use this technology in comparatively assessing different simulator approaches in task/process performance; to standardize a method for acquisition of performance data in either training or field settings; to standardize a tool for quantitative instructor-totrainee feedback and after-action review; to assess readiness to be deployed for a surgical rotation (or return after service in the field); to provide a foundation for continued comparative studies in differing approaches to teach treatment of combat casualties across different training and instructional modalities
The methodology, along with the technology that was integral to the process, shows that the correlation between hand motion and demonstrated level of skill during a timecritical exercise can provide useful, quantitative results. The methodology also offers a low-cost, easily implemented modeling and simulation-based solution to improving emergency medical skills assessment that can be integrated with other training models, simulators, and scenarios associated with military medical capabilities and readiness.
It should be mentioned, however, that Affectiva, Inc. discontinued production of its Q-Sensor, the primary device used to capture and derive complexity of participant handmotion data during the experiment. The study identified this limitation and asserted the need to procure a suitable replacement device for continuing research. Since that time, the company's co-founder has created a new company, Empatica, Inc., which produces the Q-Sensor's successor, the E4. 9 Due to the foundation of its development, the E4 is a direct drop-in replacement for the Q Sensor 10 and is positioned and well suited for continued research in simulated cricothyrotomy or other performance metrics.
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